In eukaryotic cells, it is known that N-glycans play a pivotal role in quality control of carrier proteins. Although "free" forms of oligosaccharides (fOSs) are known to be accumulated in the cytosol, the precise mechanism of their formation, degradation and biological relevance remains poorly understood. It has been shown that, in budding yeast, almost all fOSs are formed from misfolded glycoproteins. Precise structural analysis of fOSs revealed that several yeast fOSs bear a yeast-specific modification by Golgi-resident α-1,6-mannosyltransferase, Och1. In this study, structural diversity of fOSs in och1Δ cells was analyzed. To our surprise, several fOSs in och1Δ cells have unusual α-1,3-linked mannose residues at their non-reducing termini. These mannose residues were not observed in wild-type cells, suggesting that the addition of these unique mannoses occurred as a compensation of Och1 defect. A significant increase in the amount of fOSs modified by Golgi-localized mannosyltransferases was also observed in och1Δ cells. Moreover, the amount of processed fOSs and intracellular α-mannosidase (Ams1) both increased in this mutant. Up-regulation of Ams1 activity was also apparent for cells treated with cell wall perturbation reagent. These results provide an insight into a possible link between catabolism of fOSs and cell wall stress.
Introduction N-Glycosylation has been recognized as a functionally important modification of proteins (Varki 1993) . In most eukaryotes including budding yeast and human, an oligosaccharide composed of 14 sugars (Glc 3 Man 9 GlcNAc 2 ) is transferred to an Asn residue in a sequon, Asn-X-Ser/Thr (where X can represent any amino acid except proline) of nascent polypeptide chain, by oligosaccharyltransferase from dolicholpyrophosp -hate-linked Glc 3 Man 9 GlcNAc 2 (Kornfeld and Kornfeld 1985; Lehle et al. 2006 ). It has been widely shown that oligosaccharides play a pivotal role as a "tag" to indicate the folding state of carrier glycoproteins in the endoplasmic reticulum (ER; Trombetta and Parodi 2003; Helenius and Aebi 2004; Spiro 2004; Aebi et al. 2010) , so that only correctly folding proteins can be delivered through the secretory path from the ER lumen to their destinations such as the extracellular space, plasma membrane or inner organelles via the Golgi apparatus.
Recent studies have demonstrated that free oligosaccharides (fOSs) released from high-mannose type N-glycans accumulate in the cytosol of eukaryotic cells (Spiro 2004; Suzuki 2007 Suzuki , 2009 Chantret and Moore 2008) . The neutral fOSs have so far shown to be generated by two distinct pathways. One pathway generates free Glc 3 Man 9 GlcNAc 2 from dolichol-linked oligosaccharides by an unclarified mechanism in the ER lumen (Anumula and Spiro 1983; Gao et al. 2005; Chantret and Moore 2008) . Triglucosylated fOSs are then hydrolyzed by ER α-glucosidases and, in some cases, ER α-mannosidase I; the resultant Man 8-9 GlcNAc 2 are exported to the cytosol in an ATP-dependent manner (Moore et al. 1995; Haga et al. 2009 ). Alternatively, fOSs can directly be released from misfolded glycoproteins by the action of the cytosolic peptide:N-glycanase (PNGase) during ER-associated degradation (ERAD) process (Suzuki et al. 1997; Chantret and Moore 2008) . In higher eukaryotes, fOSs in the cytosol are further trimmed by two enzymes, endo-β-N-acetylglucosaminidase and α-mannosidase (Suzuki et al. 2002 Kato et al. 2007 ) and are subsequently transported into lysosomes by a putative transporter (Saint-Pol et al. 1997) . Consequently, mammalian cells generate a great variety of both GN2 (bearing N,N′-diacetylchitobiose structure at their reducing termini) and GN1 (bearing single GlcNAc at their reducing termini) forms of fOSs in the cytosol Ohashi et al. 1999; Kato et al. 2011; Yanagida et al. 2006) . Although the formation and the processing pathway of fOSs are just beginning to be clarified, their physiological significance still remains poorly understood.
Previous studies reported the occurrence of fOSs that were degraded mainly by a cytosol/vacuole α-mannosidase, Ams1 in budding yeast, Saccharomyces cerevisiae (Figure 1 ; Chantret et al. 2003; Chantret and Moore 2008) . Very recently, our group reported that yeast cells have a great variety of the GN2 fOSs, ranging from Hex 5 HexNAc 2 to Hex 12 HexNAc 2 with various isomeric structures, and that almost all fOSs in yeast were found to be generated from misfolded glycoproteins by Png1 ( Figure 1 , pathway 1; Hirayama et al. 2010) . Moreover, it was revealed that 15% of fOSs were modified by a Golgi-resident α-1,6-mansosyltrasferase, Och1 ( Figure 1 , pathway 2; Hirayama et al. 2010) . Och1 mediates the addition of the initial α-1,6-mannose in the synthesis of long mannan structures which are attached to the N-glycans on secretory proteins (Nakanishi-Shindo et al. 1993; Lehle et al. 1995) . OCH1 mutants are viable but they display a temperature-sensitive growth phenotype due to a cell wall defect . However, the physiological role of Och1-dependent modification of N-glycan on misfolded glycoproteins is still unknown.
Results

Analysis of fOSs in och1Δ cells
It was found in our previous study that almost all of fOSs are generated from misfolded glycoproteins in S. cerevisiae, and a part of fOSs received modification by a Golgi-resident α-1,6-mannosyltransferase, Och1 (Hirayama et al. 2010) . As an attempt to unveil biological function of Och1-dependent modification on fOSs, we analyzed the structures of fOSs in och1Δ cells using size-fractionation high-performance liquid chromatography (HPLC). As shown in Figure 2 , formation of Hex 5-12 HexNAc 2 fOSs was observed in wild-type (WT) cells as reported previously (Hirayama et al. 2010) . Similar patterns of fOSs were also observed in the cytosol fraction prepared from och1Δ cells (Figure 2 , peaks a-h). We next sought to determine whether these peaks were derived from N-glycans. For this purpose, the collected peaks a-h were analyzed by MALDI-ToF MS (matrix-assisted laser desorption ionization time-of-flight mass spectrometry). It was revealed that the molecular mass of the oligosaccharides responsible for peaks a-h was identical to the theoretical molecular weight of Hex 5-12 HexNAc 2 , respectively (Table I ). This result was remarkable since significant portion of the fOSs larger than Hex 9 HexNAc 2 in WT cells was found to be modified with Och1 (Hirayama et al. 2010) . When the peaks a-h were digested with jack bean α-mannosidase, as was the case with Fig. 1 . Formation/catabolic pathway of fOSs in S. cerevisiae. On the luminal side of the ER, misfolded glycoproteins are recognized by the ERAD machinery and retrotranslocated from the ER to the cytosol (1). In the cytosol, Png1 cleaves N-glycans from misfolded glycoproteins and forms fOSs. Several misfolded glycoproteins traffic between ER and Golgi and further mannosylated by Och1 before their degradation (2). fOSs are trimmed by Ams1, giving rise to M5 from fOSs.
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WT strain, most of the peaks a-h were found to be converted to Man 1 GlcNAc 2 , with minor appearance of Glc 1 Man 5 GlcNAc 2 (data not shown). These results collectively indicated that fOSs observed in och1Δ cells are high mannose-type derived from N-glycans and, contrary to expectation, diverse forms of fOSs ranging from Hex 5 HexNAc 2 to Hex 12 HexNAc 2 were formed even when OCH1 is deleted.
och1Δ cells generate novel structural isomers of fOSs Given the fact that the formation of Hex 10-12 HexNAc 2 fOSs was observed in och1Δ cells, we hypothesized that fOSs in och1Δ cells took further modification by other Golgi-resident mannosyltransferases. To precisely determine the structures of fOSs derived from och1Δ cells, we collected the peaks a-h, and each fraction was subjected to reversed-phase HPLC analysis. The elution positions of peaks observed were then compared with those of authentic pyridylamino (PA)-sugars. As shown in Figure 3 , we successfully identified the structures for 14 peaks that are commonly observed in WT cells, including two bearing ManNAc in their reducing termini. Reducing ManNAc residues were generated by epimerization of the N-acetyl group of reducing end GlcNAc during reductive amination in the PA-labeling process (Suzuki et al. 2008; Hirayama et al. 2010 ). There were six additional major peaks (M8-och1, M9-och1, M10-och1, M11-och1, M12-1-och1 and M12-2-och1) observed in och1Δ cells but not in WT cells (Hirayama et al. 2010) . The structures of these unidentified Structures of yeast-free oligosaccharides in cell wall-deficient cells peaks were predicted based on various glycosidase digestions (i.e. α-mannosidase, α-1,2-mannosidase, α-1,2/3-mannosidase). It was found that those new peaks had at least one α-1,2-mannosidase-resistant mannose residue in their nonreducing ends (Table II) . Previously unique N-glycan structures bearing non-reducing α-1,3-linked mannose(s) were reported in glycoproteins derived from och1Δ cells (Nakanishi-Shindo et al. 1993) . Therefore, N-glycans were isolated from glycoproteins in och1Δ cells and elution positions of the major glycans were compared with those of och1Δ-derived fOSs. It was found that elution positions of M9-och1 and M10-och1 are identical to the reported och1Δ-specific N-glycans, whose structures were further confirmed by various glycosidase digestions (data not shown; Table III ). We were unable to identify three structures, M11-och1, M12-1-och1 and M12-2-och1, due to the lack of suitable authentic standards. The structures and the molar amount of fOSs prepared from och1Δ cells are summarized in Table III . We noted that the amount of fOSs in och1Δ cells Table II . The digestion of och1Δ-specific fOSs with α-mannosidases Abbreviation α-Man'ase α-1,2-Man'ase α-1,2/3-Man'ase H Hirayama and T Suzuki was 1.5-fold as much as that in WT cells, suggesting that more misfolded glycoproteins were generated in och1Δ cells.
Both catabolism and Golgi-modification of fOSs are facilitated in och1Δ cells Through precise structural analysis of fOSs, we noticed that the amount of the most abundant fOSs, M8B, was significantly decreased by the deletion of Och1. This result suggests that either (a) the processing of N-glycans on misfolded glycoproteins was altered or (b) the catabolism of fOSs by Ams1 was enhanced in och1Δ cells, and these possibilities are not mutually exclusive. Indeed, drastic increase in both fOSs modified in the Golgi (with Och1 in WT, 15.2%; with Mnn1 in och1Δ, 36.2%) and fOSs processed by Ams1 (M7A, M6E, M6B and M5A; WT, 5.2%; och1Δ, 10.2%) were observed in och1Δ cells. According to these data, we concluded that both catabolism and Golgi modification of fOSs are evidently increased in och1Δ cells.
Cell wall stress activates processing of fOSs
Based on the quantitative analysis of fOSs, up-regulation of Ams1 activity in och1Δ cells was expected. We therefore examined the α-mannosidase activity in cellular extract of och1Δ and WT cells using pNP-α-Man as a substrate, because in yeast, Ams1 is a sole α-mannosidase that can act on synthetic substrates such as pNP-α-Man (Jelinek-Kelly et al. Figure 4A , Ams1 activity in och1Δ cells was significantly increased when compared with that in WT cells. It has been reported that och1Δ cells display a cell wall defective phenotype and are sensitive to cell wall perturbation reagents Nakayama et al. 1992 ). We were curious if the change of Ams1 activity in och1Δ cells were due to the cell wall stress in general. To validate this hypothesis, we examined the change in Ams1 activity when cells were exposed to a cell wall perturbation reagent, calcofluor white (CFW). As shown in Figure 4A , the increase in Ams1 activity was also evident by CFW treatment. In accordance with this observation, the occurrence of Ams1-processed Hex 5-6 HexNAc 2 glycans was observed by CFW treatment ( Figure 4B ). On the other hand, no facilitation of fOSs processing was observed in ams1Δ cells (data not shown). These results clearly suggest that cell wall stress in general can elicit up-regulation of Ams1 activity.
1985; Kuranda and Robbins 1987). As shown in
Discussion
In this study, it was found that yeast cells generate diverse forms of fOSs even in the absence of Och1 (Figure 2) . Increase in fOSs in och1Δ cells indicates the up-regulation of ERAD process in this strain. Moreover, fOSs modified by Golgi-localized mannosyltransferases in och1Δ cells may imply that the chronic activation of unfolded protein response observed in this strain leads to the increased vesicular transport between ER and Golgi. The interplay of unfolded protein response and vesicular transport has been well documented (Travers et al. 2000) , and more recently the activation of unfolded protein response was reported to result in the increase in N-glycans modified by Golgi-localized mannosyltransferases on glycoproteins (Hirayama et al. 2010 ). This view is also consistent with a recent report that UPR is activated by the signaling through the cell wall integrity-mitogenactivated protein kinase pathway during the cell wall stress (Scrimale et al. 2009 ).
It is interesting to note that fOSs with unusual structures were identified in the absence of the Och1-catalyzed α-1,6-mannose modification. Jigami and his colleagues showed that N-glycans on glycoproteins in och1Δ cells have unique structures, which are the same as M9-och1Δ and M10-och1Δ in our observation and that these α-1,3-linked terminal-mannose residues were transferred by late Golgi-resident α-1,3-mannosyltransferase, Mnn1 (Nakanishi- Shindo et al. 1993) . The similar phenomena in och1Δ cells were also reported in fission yeast, Fig. 4 . α-Mannosidase activity under cell wall-stress condition. (A) Cells were grown to mid-log phase at 25°C. CFW (20 µg/mL) was added into the culture and cells were further incubated at 25°C for 90 min. One unit was defined as the amount of enzyme that catalyze hydrolysis of 1 nmol of pNP-α-Man per hour. Error bars, mean ± SD from three independent experiments. (B) Quantitation of PA-labeled fOSs by size-fractionation HPLC. WT cells were grown to mid-log phase at 30°C and treated with or without CFW (25 µg/mL) for 3 h. Hex 5 -Hex 9 represent Hex 5 HexNAc 2 -Hex 9 HexNAc 2 , respectively. Each peak was quantitated with PA-Glc 6 in a PA-glucose oligomer (TaKaRa; 2 pmol/µL) as a reference. Error bars, mean ± SD from three independent experiments.
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Schizosaccharomyces pombe (Ohashi et al. 2009 ). Moreover, it was confirmed that several fOSs had α-1,3-linked terminalmannose residues (Table III) , which were most likely transferred in an Mnn1-dependent manner. It should be noted that the ratio of fOSs modified with Mnn1 in och1Δ cells (36.2%) was far larger than that with Och1 in WT cells (15.2%). These results clearly indicate that Golgi (Mnn1)-modification of N-glycans is drastically increased in och1Δ cells, especially for misfolded glycoproteins destined for degradation by ERAD. At this moment, the functional importance of α-1,3-linked terminal mannose residue(s) remains unclear. One possible explanation is that the defect of Och1 leads to the activation of Mnn1, in order to compensate the defect on cell wall integrity. An alternative possibility is that subcellular localization of Mnn1 may be changed in och1Δ cells.
It was also found that α-mannosidase-dependent processing of fOSs was increased in och1Δ cells as well as in the WT cells under cell wall stress conditions, as evidenced by the increase of smaller fOSs (Hex 5-6 HexNAc 2 ; Table III and Figure 4B ). The up-regulation of Ams1 expression in CFW-treated WT cells was also confirmed by immunoblotting with anti-HA antibody using a strain in which the chromosomal AMS1 locus had been replaced with an HA-tagged AMS1 gene (data not shown). It remains to be determined if the enhanced fOSs catabolism can be a part of the compensation mechanism for the cell wall defect. Given the fact that fOSs degradation can increase the free mannose concentration in the cytosol, however, one can imagine that it will readily affect the synthesis of the cell wall components such as β-glucans or mannan (N-glycosylproteins).
In summary, it was revealed that fOSs still maintain structural diversity even in the absence of a Golgi-resident mannosyltransferase, Och1. Interestingly, the activity of Ams1, a sole α-mannosidase involved in fOS degradation, was found to be increased in och1Δ cells as well as the cells treated with the cell wall perturbation reagent. Further analysis will clarify the precise functional importance of fOS catabolism on cell wall stress.
Materials and methods
Strains and growth condition BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was used as an isogenic WT yeast strain for all experiments. The och1Δ (MATa och1Δ::kanMX4 BY4741) mutant was obtained from American Type Culture Collection. Yeast cells were grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose). All incubations were performed at 25°C unless noted otherwise.
Preparation of pyridylaminated oligosaccharide standards
The following standards of PA-oligosaccharides and PA-monosaccharides were purchased from TaKaRa (Shiga, Japan): PA-ManNAc, PA-GlcNAc, PA-M5A, PA-M6B, PA-M7A, PA-M7C, PA-M8A, PA-M8B, PA-M8C, PA-M9A and PA-glucose oligomer. PA-labeled monoglucosylated glycans were prepared as described previously (Suzuki et al. 2008; Hirayama et al. 2010 ).
Preparation of pyridylaminated fOSs from yeast cells
Preparation of fOSs from yeast cells was carried out essentially as described previously (Hirayama et al. 2010) . Briefly, yeast cells were cultured in YPD medium harvested at a mid-log phase. One hundred OD 600 unit cells were resuspended in 500 µL of fOSs extraction buffer [20 mM Tris-HCl ( pH 7.5), 10 mM EDTA, 0.5 mM swainsonine (Wako, Osaka, Japan)] and disrupted with glass beads using Multi-beads Shocker™ (Yasui Kikai, Osaka, Japan) according to the manufacturer's protocol. After removing cell debris by centrifugation, cell lysates were further centrifuged at 100,000 × g for 30 min at 4°C to obtain the cytosolic fractions. 1.5 volume of 100% ethanol was then added to the cytosolic fractions, and the samples were further centrifuged at 20,000 × g for 5 min at 4°C to precipitate proteins. The supernatants were dried up, dissolved in water and applied onto AG1-X2 (200-400 mesh; acetate form; Bio-Rad), AG50-X8 (200-400 mesh; H + form; Bio-Rad) and InertSep GC columns (GL-Science, Tokyo, Japan) for desalting (Hirayama et al. 2010) . PA-labeling of fOSs and further purification of PA-fOSs using β1,6-glucanase were carried out as described previously (Hase 1994; Hirayama et al. 2010 ).
High-performance liquid chromatography
Size-fractionation HPLC and reversed-phase HPLC were performed using an NH2-P50 4E column (4.6 × 250 mm; Shodex, Tokyo, Japan) and a TSK-GEL ODS-8TM column (4.6 × 150 mm; TOSOH, Tokyo, Japan), respectively, as described before (Hirayama et al. 2010 ).
Preparation of pyridylaminated N-glycans derived from glycoproteins in och1Δ cells For preparation of PA-labeled standard N-glycans from och1Δ cells (M9-och1 and M10-och1), glycoproteins were extracted from och1Δ cells by a hot citrate buffer extraction method as described previously (Nakanishi-Shindo et al. 1993) . N-Glycans were released by PNGase F (Roche, Basel, Switzerland) and were desalted as described in "Preparation of pyridylaminated fOSs from yeast cells". N-Glycans thus obtained were PA-labeled, and M9-och1 and M10-och1 glycans were fractionated and collected by size-fractionation and reversed-phase HPLC.
Glycosidase digestions
The digestion of PA-fOSs with mannosidases was performed as described previously (Hirayama et al. 2010) . Briefly, PA-fOSs were incubated with jack bean α-mannosidase (40 mU; Seikagaku Corp., Tokyo, Japan) in 20 µL of 10 mM sodium citrate buffer ( pH 4.0) for 12 h at 37°C. Digestion of PA-fOSs with A. saitoi α-1,2-mannosidase (0.5 mU; Seikagaku Corp.) was carried out in 20 µL of 100 mM sodium acetate buffer ( pH 5.0) for 12 h at 37°C. Digestion of PA-fOSs with α-1,2/3-mannosidase (60 U; New England Biolabs, Beverly, MA) was carried out in 20 µL reaction with a buffer supplied by the manufacturer at 37°C for 12 h. To the reaction product, 5 volumes of 100% ethanol was added and centrifuged at 20,000 × g for 5 min at 4°C. Supernatant H Hirayama and T Suzuki fractions thus obtained were dried up, resuspended with water and were subjected to HPLC analysis.
Ams1 α-mannosidase assay The Ams1 activity was determined based on the established protocol (Opheim 1978) with some modifications. Briefly, 5-10 OD 600 units of cells resuspended in 150 µL of α-mannosidase assay buffer [40 mM sodium acetate ( pH 6.5), 5 mM MgCl 2 , Complete™ protease inhibitor cocktail (Roche Applied Science), and 1% (w/v) TritonX-100] were disrupted with glass beads using Multi-beads Shocker™ (Yasui Kikai). After removing cell debris by brief centrifugation, the volume of cell lysates was adjusted to 300 µL by adding α-mannosidase assay buffer to the supernatant. An aliquot of 200 µL of 4 mM p-nitrophenyl-α-D-mannopyranoside ( pNP-α-Man) was then added to start the enzyme reaction. Reaction mixture was incubated for 1 h at 37°C, and the reaction was stopped by adding 500 µL of 500 mM glycine-Na 2 CO 3 buffer ( pH 10.0). The amount of liberated p-nitrophenol was determined by measuring the absorbance at 410 nm. Protein concentrations of the enzyme fractions were determined by the BCA method (Thermo Scientific, Waltham, MA), according to the manufacturer's instructions. One unit was defined as the amount of enzyme that catalyzes hydrolysis of 1 nmol of pNP-α-Man per hour.
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